1. Introduction {#s0005}
===============

The first cases of coronavirus disease 2019 (COVID-19, the disease caused by the SARS-CoV-2 virus) were reported in the city of Wuhan, the capital of Hubei province, China, at the end of 2019 and rapidly spread to other countries. The outbreak was declared a pandemic by the World Health Organization (WHO) on March 11, 2020, raising the level of worldwide monitoring of the disease, and marking the advent of a public health crisis not seen in recent history. There have been a number of significant pandemics in recent human history, such as HIV/AIDS (acquired immunodeficiency syndrome caused by the HIV virus), and the Spanish flu (1918-1919) that infected about 40% of the world's population and killed about around 50 million people [@b0005], [@b0010]. Although there have been significant advances made in the understanding and treatment of viruses, the current pandemic has still, to a large extent, overwhelmed us.

COVID-19 is an aggressive disease that appears to have a higher fatality rate than seasonal influenza. It has several unusual characteristics, and in the most serious cases attacks the respiratory tract. The death rate is not yet clear, as it depends on the number of undiagnosed and asymptomatic cases [@b0015]. Interestingly, although a considerable number of patients with COVID-19 shown only minor symptoms, like a cold, others die within a few days of being infected. This has been related to the fact that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can produce critical pneumonia that is difficult to treat, and may be followed by organ failure, and even death [@b0020]. The treatment of COVID-19 has been based on basic life support, and the mitigation of the effects on the respiratory system caused by acute respiratory distress syndrome (ARDS), which is the leading cause of mortality [@b0025]. Another interesting aspect of COVID-19 is that older patients, and those with comorbidities and immunosuppression from any cause, are more susceptible to the disease [@b0030].

Interestingly, the role that the renin-angiotensin system (RAS), and particularly the ACE2 (Angiotensin-Converting Enzyme 2) receptors, plays in COVID-19 has been a growing area of interest in studies that seek to better understand the disease and find new treatments [@b0035]. SARS-CoV-2 enters cells by attaching itself to a specific protein, the ACE2 receptor, which sits on the cell\'s surface, so facilitating viral entry into target cells. ACE2 receptors are more abundant in the lungs (one of the reasons why COVID-19 is considered a lung disease) and are also widely expressed in intestinal cells, which could partly explain why some patients have diarrhea [@b0040]. The overexpression of ACE2 enhances the severity of the pulmonary disease caused by coronavirus, but can be attenuated by blocking the RAS pathway [@b0045]. ACE2 overexpression is related to an increase of pro-inflammatory cytokines (PICs) in the lungs of SARS-CoV-2 patients [@b0050], [@b0055]. However, COVID-19 patients with hypertension treated with angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II type 1 receptor blockers (ARBs) increased CD3 and CD8 T cell counts in peripheral blood, reduced IL-6 levels in peripheral blood, and decreased the peak viral load [@b0035]. Excessively high levels of PICs are associated with worse outcomes in COVID-19 patients [@b0060]. Moreover, a kind of "cytokine storm" appears to be one of the triggers for the condition of some COVID-19 patients to rapidly worsen [@b0025]. It is not yet clear if the use of drugs to manage the levels of cytokines can inhibit COVID-19, but it is certainly an avenue worth exploring.

The use of drugs with distinct molecular mechanisms of action such as hydroxychloroquine (HCQ), chloroquine (CQ), favipiravir, ivermectin, ACEIs, ARBs, and atazanavir, among others, has been proposed. These drugs can be used in association with other drugs to reduce viral loads, or to act as adjuvant drugs to mitigate the severity of COVID-19, particularly in respect of the debilitating respiratory condition that has been one the most dramatic and distressing characteristics of the disease for patients and caregivers. Some of these drugs are strong cytokine modulators, although this is not always their main mechanism of action [@b0065]. However, scientists and researchers across the world have been trying to better understand the disease and its implications, and a great amount has already been discovered. New scientific data being generated at an impressive rate, although for many, the challenges presented by COVID-19 remain insurmountable. In respect of cytokines, there is a growing body of evidence on the role they play in COVID-19, but there are still many gaps in our knowledge, especially regarding the use of drugs in cytokine modulation.

Therefore, this review seeks to explore this gap by performing a review of drugs that could modulate cytokine levels and play some part in the management of severe cases of COVID-19.

1.1. Cytokine dysregulation in COVID-19 {#s9005}
---------------------------------------

Cytokines are water-soluble extracellular polypeptides or glycoproteins, varying between 8 and 30 kDa; they are produced by several types of cells at injury sites, and by cells [@b0025] from immune system through the activation of mitogen-activated protein kinases. Cytokines have been increasingly key in modern medicine as diagnostic, prognostic and therapeutic agents in human disease [@b0070].

The cytokine storm syndrome is defined as a cytokine-mediated systemic inflammatory response induced by several initiating factors, including viruses, resulting in a clinical presentation that could progress to multiple organ failure [@b0075], [@b0080], [@b0085]. The hallmark of cytokine storm syndrome is an uncontrolled activation and amplification of the host immune system, causing the excessive release of a wide range of cytokines, such as, tumor necrosis factor (TNF), interleukin (IL)-1, IL6 and IL-18 [@b0090], [@b0095]. Since the important article published by Mehta et al. (2020) [@b0025], which strongly reinforced the concept of the production of a "cytokine storm" by SARS-CoV-2 infection, many studies have tried to better understand the role of cytokines and the possible clinical repercussions in COVID-19 [@b0100], [@b0105], [@b0110].

The exact role of the "cytokine storm" has not yet been fully elucidated. However, it seems to be related to the severity of ARDS in patients with COVID-19, and it is becoming clear that the establishment of cytokine balance may be an important clinical measure in the treatment of patients. Depending on the amount of cytokine production induced by the immunological activation caused by SARS-CoV-2, three major clinical phenotypes have been identified: mild - characterized by a "drizzle" of cytokines, severe -by a "storm", and critical -- by a "hurricane" of cytokines [@b0115]. Additionally, understanding the underlying mechanism(s) as the disease progresses from mild to critical as a result of immune dysfunction and cytokine dysregulation is crucial to developing an effective treatment [@b0105].

In the pathogenesis of COVID-10, SARS-CoV-2 infection causes a down-regulation of ACE2 protein, which in turn results in excessive production of the vasoconstrictor Ang II. The AngⅡ-AT1R axis activates the nuclear factor κB (NFκB) signaling and the metalloprotease 17 (ADAM17), which stimulates the production of the mature form of epidermal growth factor receptor (EGFR) ligands and TNF-α [@b0120]. The activation of NFκB and STAT3 leads to a hyperinflammatory state [@b0125].

In addition, the viral infection causes the recruitment of macrophages, neutrophils, and natural killer cells which are responsible for producing pro-inflammatory cytokines. These cytokines, IFN, INF-c, TNF-α, IL-1, IL-6, and IL-2 represent the first defense against pathogens. Pathogen-associated molecular patterns (PAMPs) are recognized by pattern-recognition receptors, i.e. toll-like receptors (TLRs) [@b0130]. TLRs mediate the inflammatory signaling cascade activation. TLR activation leads to the production of inflammatory cytokines [@b0135], such IL-6, TNFα, and IL-1β [@b0140]. In the mild phenotype, the adaptive immune cells are then activated and contribute to enhancing the immunological response by directly attacking virus-infected cells or by releasing other proinflammatory cytokines [@b0130]. In most COVID-19 cases, the response is self-limiting, and no tissue damage has been observed.

In severe COVID-19 patients the cytokine storm syndrome may occur. This mechanism causes the release of a great amount of pro-inflammatory cytokines due to the lysis of cells [@b0145]. The activated macrophages contribute by enhancing the massive release of IL-6, IL-1, IL-18, IL-8, granulocyte--macrophage colony-stimulating factor (GMCSF), chemokine CX- C motif ligand (CXCL) 9, and CXCL10 [@b0145], [@b0150]. This excessive cytokine production induced by SARS-CoV-2 infection causes an increase in vascular permeability, resulting in a large amount of blood cells and fluid entering the alveoli, resulting in severe damage to the host cells and respiratory failure [@b0155], [@b0160].

SARS-CoV-2-induced pneumonia is associated with the overexpression of T cells and the rampant production of PICs, mainly IL-6 [@b0165]. COVID-19 pulmonary immunopathology is characterized by several factors, but in respect of the cytokine profile, there is an increase in the levels of IL-1β, IL-2, IL-6, IL-17, IL-8, TNFα and CCL2[@b0170]. IL-6 appears to be key in worsening the pulmonary condition, and in the severity of COVID-19 in the patient [@b0165]. IL-6 has an important role in lung repair responses in viral infections such as SARS-CoV-2, and induces the production of acute phase proteins, including C-reactive protein [@b0175].

The most severe cases have shown high levels of infection-related biomarkers and PICs, and a significant reduction in T cells. Both helper T cells and suppressor T cells in patients with COVID-19 were below normal levels, the lowest level of helper T cells being found in severe patients. Moreover, the percentage of mature naïve helper T cells and memory helper T cells is reduced in patients with SARS. In fact, it is suggested that the disease mainly acts on lymphocytes, especially T lymphocytes, which influence immune modulation and cytokine production [@b0180]. Occasionally, cytokine storm syndrome becomes severe and uncontrolled, showing a clinical phenotype resembling a form of secondary hemophagocytic lymphohistiocytosis/macrophage activation syndrome (HLH/MAS) [@b0185]. In this situation, IL-18 becomes another pivotal mediator of the onset of HLH/MAS [@b0190], with the inflammasome being constantly triggered, releasing an excessive amounts of pro-inflammatory mediators, which leads to multiorgan failure [@b0115]

In this context, an approach that has been highlighted for the treatment of patients with COVID-19 is a reduction in antiviral cytokines, particularly type I interferons (IFNs), which are related to part of the early immune response in viral infections, as they are secreted upon stimulation by pathogen-derived nucleic acids [@b0195]. IFNs activate protective mechanisms against the infection of various viruses to provide harm reduction and elimination of the virus. INF treatment has, therefore, been an approach used for prophylaxis and reduction of viral loads in patients infected with different viruses [@b0200]. Recently, it has been suggested that type III IFNs (IFN-λ) - antiviral cytokines, may be a promising approach to emerging viral infections, such as that produced by SARS-CoV-2. IFN-λ has been reported to be able to inhibit SARS-CoV-1 and MERS-CoV when assessed in *in vitro* studies [@b0205].

2. Drug repurposing for COVID-19 and affected cytokines {#s0010}
=======================================================

The increasing number of COVID-19 cases has spurred the search for medications to help fight the pandemic. As SARS-CoV-2 is a new virus, rigorous studies to evaluate the effectiveness of existing drugs (through drug repurposing), and to produce a new safe, effective substances are required.

There are currently a variety of classes of drugs being proposed to mitigate the effects of COVID-19. Some of these drugs, such as chloroquine (CQ), and hydroxychloroquine (HCQ), have caused an unjustified frenzy for their indiscriminate use as preventive measures in a number of countries, including Brazil and the USA [@b0210]. Although not the main target of most of the drugs currently used in the treatment of COVID-19, there is growing evidence that the "cytokine storm" may have a significant influence on the development of the disease, especially in critically ill patients [@b0105]. However, there is a lack of information about how these drugs might help to manage important cytokines and contribute to the recovery of patients. Several drugs that have been studied for their potential utility in COVID-19 possess anti-inflammatory profiles in others illness and are being tested against the hyperinflammation induced by SAR-COV-2 infection. Knowledge about the molecular targets of the drugs in SAR-COV-2 infection, and the subsequent effects on immune responses, can help to pave the way for empirical approaches and trials at this stage. Among the drug classes suggested for use in COVID-19 treatment that could modulate the observed inflammatory process are antiviral, anti-rheumatic, anti-inflammatory drug, antineoplastic and antiparasitic drugs ([Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}, [Table 4](#t0020){ref-type="table"} ). All of these classes of drugs have been shown to have favorable effects in COVID-19 patients (see [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}, [Table 4](#t0020){ref-type="table"}).Table 1Antiviral drugs for the management of COVID-19 and cytokines they affected.ClassDrugMain ClassMain mechanism of actionPredominant mechanism to management of COVID-19CytokinesCytokines study typeReferences**Antiviral drugs**AtazanavirAntiretroviral drugInhibitor of CYP3A and UGT1A1Blocks the major protease (Mpro) of SARS-CoV-2**↓IL-6***In vitro*[@b0265]Favipiravir (Avigan)Antiviral drugCompetitive inhibitor of RNA-dependent RNA polymeraseInterferes with viral replication**↓ TNF-α***In vivo*\
*In vitro*[@b0270]IFN-α2b (interferon)Antiviral drug\
Immunomodulatory drugGeneration of adaptive of immune response\
Inhibit of DNA replicationInhibits the replication of SARS-CoV and MERS-CoV replication**↑IL-10**\
**↑IL-2**\
**TNF-α***In vitro*\
*Clinical*[@b0710], [@b0715], [@b0720], [@b0725]Lopinavir-ritonavirAntiviral drugProteinase inhib-itorproteinase inhib-itorAntiretroviral proteinase inhibitorInhibits the CYP3A‐mediatedmetabolism of LPV, Inhibits 3CL^pro^ by SARS-CoV, affecting viral replication and maturation;Ritonavir inhibits the CYP3A metabolism of Lopinavir, increasing its plasmatic concentration\
\
Protease inhibitor\
**Lopinavir**\
**↓TNF-α**\
**↓IL-6**\
**Ritonavir**\
**↓ IFN-γ**\
**↓IL-10***In vitro*[@b0275]RemdesivirAntiviral drugRNA polymerase inhibitor\
Nucleoside analogueRNA polymerase inhibitor**↓TNF-α**\
**↓IL-1β**\
**↓IL-6**\
**↓IL-18***In vivo*[@b0300], [@b0730], [@b0735]RibavirinAntiviral drugStops viral RNA synthesisNucleoside analogue, interferes with the replication of RNA and DNA viruses**↓TNF-α**\
**↓IL-1β**\
**↓IL-6**\
**↓IFN-γ***In vivo*[@b0740]UmifenovirAnti-viral drugInhibition of membrane fusion of viral envelope and host cell cytoplasmic membrane.Block the trimerization of spike glycoprotein of SARS-CoV-2**↓TNF-α**\
**↓IL-6**\
**↓IL-8**\
**↓IL-10***In vivo*[@b0745], [@b0750], [@b0280][^1]Table 2Anti-rheumatic and anti-inflammatory drugs for the management of COVID-19 and cytokines they affected.ClassDrugMain ClassMain mechanism of actionPredominant mechanism to management of COVID-19CytokinesCytokines study typeReferences**Anti-rheumatic drugs**AnakinraAnti-arthritic agentRecombinant IL-1Ra antagonistInterleukin-1 receptor antagonist**↓TNF-α**\
**↓IL-1β**\
**↓IL-6**\
*In vivo*[@b0335], [@b0755], [@b0345]\
BaricitinibAnti-arthritic agentPotent and selective Janus Kinases (JAK) inhibitorInterrupts the passage and intracellular assembly of SARS-CoV-2 into the target cells via disruption of AAK1\
Block clathrin-mediated endocytosis and thereby inhibit viral infection of cells**↓TNF-α**\
**↓ IL-4**\
**↓ IL-6***Clinical*\
*In vitro*[@b0760], [@b0765], [@b0580], [@b0770], [@b0585]Etanercept\
Anti-arthritic agentInhibitor of TNFαTNFα inhibitor**↓TNF-α**\
**↓IL-1 β**\
**↓IL-6***In vivo*[@b0775], [@b0780], [@b0785], [@b0790], [@b0315]\
InfliximabAnti-arthritic agent\
Crohn\'s diseaseInhibitor of TNFαTNFα inhibitor**↓TNF-α**\
**↓IL-1**\
**↓IL-6**\
**↓IL-8**\
*Clinical*\
*In vivo*[@b0395], [@b0795]Tocilizumab\
Anti-arthritic agentIL-6 receptor inhibitors\
\
\
Monoclonal anti-soluble IL-6 receptor antibodyRecombinant humanized monoclonal anti-IL6R antibody.\
It binds both soluble and membrane‐bound IL6R to inhibit IL6‐mediated signaling**Patients with high IL-6 levels**\
\
**Inhibiting IL-6 signal transduction**\
*Clinical*[@b0800], [@b0375], [@b0805]**Anti-inflammatory drugs**\
IndomethacinNonsteroidal anti-inflammatory drugNon-selective cyclooxygenase (COX) inhibitorInhibition of viral replication and infectious viral\
particle production\
Inhibition of viral replication and infectious viral particle production\
**↓TNF-α**\
**↓IL-1β**\
**↓IL-6**\
**↓IL-8**\
\
*In vivo*[@b0465], [@b0460], [@b0450], [@b0810]\
Thalidomide\
PhthalimidesImmunomodulatory, anti-inflammatory, and anti-angiogenic agentImmunomodulatory and anti-inflammatory\
Immunomodulatory and anti-inflammatory agent**↓TNF-α**\
**↓IL-1β**\
**↓IL-6**\
**↑IL-10**\
**↓IL-17**\
**↓IFN-γ**\
*In vivo*[@b0495], [@b0815], [@b0820]Corticosteroids\
Steroidal anti-inflammatory drugSuppression of multiple inflammatory genes by linking\
glucocorticoid recruitment of\
histone deacetylase 2 for the activated transcription complex.Inhibits the NFκB transcription factor.**↓TNF-α**\
**↓IL-1**\
**↓IL-2**\
**↓IL-3**\
**↓IL-5**\
**↓IL-6**\
**↓IL-8**\
**↑IL-10**\
**↑IL-12**\
**↓IL-13**\
**↓IL-15**\
**↓IFN-β**\
**↓IFN-λ~1~**\
**↓IFN-γ**\
\
*In vitro*\
*In vivo*[@b0825], [@b0830], [@b0835][^2]Table 3ACEi and ARBs drugs for the management of COVID-19 and cytokines they affected.ClassDrugMain ClassMain mechanism of actionPredominant mechanism to management of COVID-19CytokinesCytokines study typeReferences**ACEi**\
Enalapril\
ACEiAngiotensin-converting-enzyme inhibitorsDecreases the interaction between viral protein and ACE2, affecting the internalization of the virus**↓TNF-α,**\
**↓IL-1β**\
**↑IL-2**\
**↓IL-6**\
**↓IL-8**\
**↑IL-10**\
**↓IL-12**\
*In vitro*\
*In vivo*[@b0520], [@b0535], [@b0530]\
**ARBs**\
LosartanARBsAT~1~R antagonistDecreases the interaction between viral protein and ACE2**↓TNF-α**\
**↓IL-1β**\
**↓IL-6**\
*In vitro*\
*In vivo*[@b0530], [@b0840], [@b0845]\
TelmisartanARBsAT~1~R antagonistDecreases the interaction between viral protein and ACE2**↓TNF-α**\
**↓IL-1β**\
**↓IL-6**\
**↓IL-8**\
**↑IL-10**\
*In vitro*\
*In vivo*[@b0540], [@b0545], [@b0850][^3]Table 4Antineoplastic, antibiotic and antiparasitic drugs for the management of COVID-19 and cytokines they affected.ClassDrugMain ClassMain mechanism of actionPredominant mechanism to management of COVID-19CytokinesCytokines study typeReferences**Antineoplastic drug**IbrutinibAntineoplastic drugCovalent BTK inhibitorsPrevents both B-cell activation and B-cell-mediated signaling (proposal)**↓TNF-α**\
**↓IL-6**\
**↓IL-8**\
**↓IL-10**\
*Clinical*\
*In vitro*\
\
[@b0610], [@b0615]RuxolitinibAntineoplastic and immunomodulating activitiesJanus kinase inhibitorsJanus kinase inhibitors**↓TNF-α**\
**↓IL-6***In vitro*[@b0855], [@b0595]**Antibiotic agent**AzithromycinAntibiotic agentBinds to the 50S ribosomal subunit, affecting bacterial protein synthesis**↓TNF-α**\
**↓IL-6**\
**↓L-8**\
**↑IL-10**\
*In vitro*[@b0860], [@b0865], [@b0870]**Antiparasitic drugs**ChloroquineAntimalarial drugImmunosuppressionAlters the pH in the lysosomes\
Prevents viral fusion and replication.\
Spike (S)-protein angiotensin converting enzyme 2 (ACE2) blockers\
**↓TNF-α**\
**↓IL-6**\
**↓IL-18***In vivo*[@b0875]HydroxychloroquineAntimalarial drug\
Disease-modifying antirheumatic drugs (DMARDs)ImmunosuppressionInhibition of cellular receptor of SARS-CoV (ACE2), membrane fusion of the virus in the host, nucleic acid replication, new virus transport, virus release.**↓TNF-α**\
**↑IL-4**\
**↓IL-6**\
**↑IL-10**\
**↓IL-18**\
**↓IFN-γ**\
*Clinical*[@b0685]IvermectinAntiparasitic agent\
broad spectrum\
Anti-viral (*in vitro*)Nuclear transport inhibitory activityNuclear transport inhibitory activity**↓TNF\--α**\
**↓IL-1ss**\
**↓IL-4**\
**↓IL-5**\
**↓IL-6**\
**↓IL-13**\
*In vitro*[@b0630], [@b0660], [@b0655]Nitazoxanide (anitta)Antiprotozoal drugPotentiates interferon alfa and interferon beta productionAffect viral genome synthesis\
Prevents viral entry and interferes with N-glycosylation**↓TNF-α**\
**↓IL-1β (Tizoxanide)**\
**↓IL-6**\
*In vivo*\
*In vitro*[@b0880], [@b0885], [@b0890]\
**Other**ColchicineAnti-goutMicrotubule inhibitor\
(colchicine block microtubule polymerization)Non-selective inhibitor of NLRP3 inflammasome\
Anti-inflammatory action**↓TNF-α**\
**↓IL-1β**\
**↓IL-6**\
**↓IL-18**\
*Clinical*\
*In vitro*[@b0420], [@b0415], [@b0435], [@b0895]\
[^4]

2.1. Antiviral drugs {#s0015}
--------------------

Several recent studies have identified promising antiviral drug candidates that might be effective against SARS-CoV-2 infection by inhibiting some aspects of COVID-19 ([Table 1](#t0005){ref-type="table"}). These include atazanavir[@b0215], favipiravir [@b0220], IFN-α2b (interferon) [@b0225], lopinavir-ritonavir [@b0230], remdesivir [@b0235], ribavirin [@b0240], and umifenovir [@b0245] ([Table 1](#t0005){ref-type="table"}). A number of in silico, preclinical or clinical studies have suggested that these drugs could have favorable clinical outcomes for SARS-CoV-2 patients [@b0250], reducing virus load, and mitigating the "cytokine storm".

According to Grein et al. (2020) [@b0235], a 10-day course of intravenous administration of remdesivir in patients hospitalized for severe COVID-19 improved clinical symptoms in 68% of the patients. However, in a randomized, double-blind, placebo-controlled, multicenter clinical trial, remdesivir (200 mg on day 1, followed by 100 mg on days 2--10 in single daily infusions) was not associated with statistically significant clinical benefits when administered in severe COVID-19 patients admitted to hospital, despite the authors observing a numerical reduction in the time to clinical improvement. These results require confirmation in larger studies [@b0255].

In a randomized study of a cohort of 240 patients with moderate and severe COVID-19, favipiravir demonstrated better clinical recovery rates at day 7 in moderate illness, but made no difference in severe COVID-19 patients [@b0220]. In another study, umifenovir (200 mg, oral, three times per day, for 7--10 days) administrated in combination with IFN-α2b did not have any beneficial effect in COVID-19 RNA clearance and patient hospitalization when compared to IFN-α2b monotherapy in a cohort, but it did appear to accelerate pneumonia absorption [@b0225]. However, another study suggested that patients with COVID-19 treated with umifenovir had a shorter duration of positive RNA test and an apparent favorable clinical response compared to lopinavir-ritonavir treatment [@b0245].

The predominant action mechanism of antiviral drugs in the management of COVID-19 is to interfere with viral replication or inhibit viral fusion in the membrane [@b0260], as can be seen in [Table 1](#t0005){ref-type="table"} and [Fig. 1](#f0005){ref-type="fig"} . However, this effect, which reduces viral load, is not the only mechanism of action of antiviral drugs. Studies have shown that antiviral drugs, such as atazanavir [@b0265], favipiravir [@b0270], lopinavir-ritonavir [@b0275], remdesivir [@b0255], and umifenovir [@b0280] possess indirect antiviral properties and act as anti-inflammatory molecules, due to their capacity to modify the production of inflammatory mediators [@b0255]. According to some studies [@b0020], the severity of COVID-19 may depend on the magnitude of the "cytokine storm" and, at this stage, drugs that only decrease viremia may not be effective [@b0285]. Thus, antiviral drugs with anti-inflammatory activity could be important in treatment, due to their capacity to minimize the cellular damage caused by the hyperinflammatory process, mitigating the severity of the COVID-19 crisis (see [Table 1](#t0005){ref-type="table"}).Fig. 1Predominant mechanism of antiviral drugs in the management of COVID-19. The entry of SARS-CoV-2 in epithelial/endothelial lung cells, via binding to ACE2, causes apoptotic and necroptotic events that lead to lung injury and the release of large amounts of chemokines, driving the recruitment of immune cells within the lungs. The recruitment of cells promotes the innate immune response by secreting proinflammatory cytokines. A pro-inflammatory feed-forward loop of cytokines acts on innate immune cells and induces exacerbated hyperinflammation (known as the "cytokine storm"), coagulopathy and acute respiratory distress syndrome (ARDS). The current strategy for the management of COVID-19 is based on stopping viral replication and/or attenuating the inflammatory process. Black points represent the pool of cytokines.

As a result of virus recognition, downstream transduction pathways related to inflammatory cascade are activated, including NFκB, IRF3 (IFN regulatory factor-3)[@b0290] and p38MAPK [@b0295], leading to the upregulation of several cytokines and chemokines, and an increase in tissue damage caused by the inflammatory condition. The modulation of this signaling pathway could be crucial for an effective antiviral response against COVID-19. According with Li and Su (2020) [@b0300], the antiviral drug remdesivir inhibits the activation of IRF3 and the NF-κB pathway, decreasing the expression and release of IL-18, IL-6, IL-1β, and TNF-α cytokines. Tanaka et al (2017)[@b0270] showed that favipiravir reduced TNF-α production in macrophage cells medium and BALF from mice lungs, both infected with the influenza virus (H1N1). In addition, the anti-inflammatory effect of umifenovir was determined by Wang et al (2017) [@b0280]. The authors reported that this antiviral drug modulated the production of IL-6, IL-8, IL-10 and TNF-cytokines *in vitro* and *in vivo*, after a viral infection. Moreover, umifenovir could treat persistent viral infection by inhibiting the p38MAPK signaling pathway, and modulating the release of cytokines [@b0305]. All these anti-inflammatory activities of antiviral drugs could attenuate the "cytokine storm" caused by the SARS-COV-2 infection, contributing to the recovery of patients. [Fig. 1](#f0005){ref-type="fig"} and [Table 1](#t0005){ref-type="table"} show the main molecular targets of the antiviral drugs summarized in this article, the effect on viremia, and their anti-inflammatory profiles (see [Table 4](#t0020){ref-type="table"}).

Therefore, antiviral drug therapy may have an important role in the fight against COVID-19 infections due to its capacity to act directly to decrease viral loads, and also to its anti-inflammatory profile that could aid the recovery of COVID-19 patients, contributing to a reduction in the number of severe cases. The antiviral drugs used routinely or suggested for the management of COVID-19 patients are able to mitigate the "cytokine storm" by modulating the production of TNF-α, IL-1β, IL-18, IL-10 and, in particular, IL-6 ([Table 1](#t0005){ref-type="table"}), a cytokine that has been closely correlated with ARDS severity and a worse COVID-19 prognosis. However, no specific antiviral drug has been proven to be effective in the treatment of patients with severe COVID-19. More studies are necessary to confirm the potential useful effects of antiviral therapies.

2.2. Anti-rheumatic drugs {#s0020}
-------------------------

Drugs that have been used in rheumatology are also being studied in relation to SARS-CoV-2 infection [@b0310]. The rationale for the use of these anti-rheumatic and anti-inflammatory drugs is based on the "cytokine storm" that occurs in COVID-19 patients [@b0100], especially in patients with a severe prognosis and T cell depletion [@b0020]. The regulation of this "cytokine storm" is crucial in the treatment of COVID-19 infection. The main mechanisms of action of several anti-rheumatic drugs are based on the inhibition of the inflammatory cascade, blocking TNF-α [@b0315], IL-6 receptors [@b0320] or IL-1Ra [@b0325], as well as are acting as selective Janus kinase (JAK) inhibitors [@b0330] ([Fig. 2](#f0010){ref-type="fig"} ). [Table 2](#t0010){ref-type="table"} includes details of the anti-rheumatic drugs studied and/or suggested for use in COVID-19 treatment, and the molecular target of each one.Fig. 2Predominant mechanism of anti-rheumatic and anti-inflammatory drugs involved in the management of COVID-19. Black points represent the pool of cytokines. Anti-rheumatic drugs are marked in green; Anti-inflammatory drugs are marked in pink.

According to Dimopoulos et al. (2020) [@b0335], the recombinant IL-1Ra antagonist anakinra may be beneficial for treating severe COVID-19 patients with secondary hemophagocytic lymphohistocytosis (sHLH). Furthermore, Cavalli et al. (2020) [@b0340] reported that in a retrospective cohort study of COVID-19 patients with ARDS treated with high-doses of the drug, it was safe and associated with clinical improvement in 72% of patients. As anakinra acts upstream of the inflammatory signaling pathway [@b0325], its effectiveness in the management of COVID-19 patients could be related to blocking the "cytokine storm". Studies have shown that IL-1Ra antagonists inhibit TNF-α, IL-6 and IL1β production in animal models [@b0345]. Additionally, a study showed that anakinra treatment protected rat islets in culture against IL-1β, TNFα, and IFNγ stimuli [@b0350], suggesting that this anti-rheumatic drug could have effective tissue protection properties in situations of hyper-inflammation.

Another interesting option is tocilizumab, a recombinant humanized monoclonal anti-IL‐6 receptor antibody. Tocilizumab binds both soluble and membrane‐bound IL‐6R, leading to the inhibition of the IL‐6 signaling pathway [@b0355], and consequent downregulation of JAK-STAT or MAPK/NF-kB-IL-6 signaling cascade activation [@b0360]. Clinical findings suggest that IL-6 is one of the most important cytokines involved in the pathogenesis of COVID-19 [@b0365] and an important target for drugs repurposed for COVID-19 treatment. Tocilizumab has been successfully used in a small series of clinical studies, suggesting that this drug may be a promising medicine to use in the recovery of COVID-19 patients. Preliminary data from a study by Xu et al. (2020) [@b0370] indicated that tocilizumab improved clinical outcomes in severe and critical COVID-19 patients.

According to Capra et al. (2020) [@b0375] tocilizumab appears to increase survival and lead to a favorable clinical course if used early during COVID-19 pneumonia with severe respiratory syndrome. In another study, Luo et al. (2020) treated COVID-19 patients with augmented levels of IL- 6 with the drug, and observed that IL- 6 levels initially increased further, but then reduced in 10 patients. The authors concluded that tocilizumab seems to be an effective treatment option for use in COVID-19 patients with a risk of "cytokine storms" [@b0380]. Thus, tocilizumab could help COVID-19 patients to recover by modulating the inflammatory process, and consequently preventing tissue injury, since IL-6 levels have been closely correlated with ARDS severity and outcome [@b0165]. Moreover, the effects of IL-6 blockade therapy against infection-induced "cytokine storm" have been well documented [@b0385]

Promising results have also been reported in respect of the use of anti-TNF drugs in COVID-19 treatment [@b0390]. Infliximab, a TNFα inhibitor used in the management of Crohn's disease, was reported to have potential to affect the "cytokine storm" associated with COVID-19. Dolinger et al. (2020) [@b0395], in a case report, reported that a COVID-19 patient with Crohn's disease treated with infliximab showed improved cytokine profile and reduced clinical symptoms, with normalization of TNF-α, and a reduction in IL-6 and IL-8 levels. The reduction in cytokine concentration induced by infliximab treatment could be associated with downregulation of the p38MAPK pathway [@b0400]. These findings in respect of anti-TNFα drugs need to be cautiously analyzed given the lack of any control group for comparison, and the background treatment with antiviral drugs and corticosteroids.

Additionally, some studies suggest that colchicine, a drug approved to treat autoinflammatory conditions such as gout, could be useful in the management of COVID-19 because of its capability to interfere in the pathogenic mechanisms related to SARS-CoV-2 infection [@b0405]. Montealegre-Gómez et al. (2020) [@b0410] suggested that colchicine could decrease the risk of ARDS in patients with COVID-19 infection through the modulation of TNF-α [@b0415], IL-1β, IL-18 and IL-6 cytokine production [@b0420]. Moreover, colchicine decreases ROS formation and disrupts inflammasome activation, leading to a decrease in inflammatory processes [@b0420], [@b0425]. All these features could contribute to relief of inflammatory symptoms and decrease the risk of organ failure. However, the role of colchicine in the treatment of COVID-19 is controversial in the literature, with some studies raising doubts about its use against SARS-CoV-2 infection [@b0430], [@b0435], as its effects on altering cytosolic pH and suppressing "cytokine storms" are very weak [@b0430] ([Table 4](#t0020){ref-type="table"}).

COVID-19 therapy based on anti-rheumatic and anti-gout drugs has been widely discussed in the scientific literature. The anti-rheumatic drugs suggested for the treatment of COVID-19 patients may be able to mitigate the "cytokine storm" by decreasing the production of TNF-α, IL-1β, IL-6, IL-8, and IL-4, whereas colchicine inhibits TNF-α , IL-1β, IL-18, and IL-6. This class of drugs may block the fulminant response of the immune system, reducing the risk of multiple organ failure and the severity of the disease ([Fig. 2](#f0010){ref-type="fig"}). However, additional studies are necessary to prove the efficacy of this therapy in COVID-19 patients and explore the molecular mechanism of this drugs in SARS-CoV-2 infection.

2.3. Anti-inflammatory drugs {#s0025}
----------------------------

Studies have also proposed that nonsteroidal anti-inflammatory drugs are promising candidates for the management of COVID-19. Among them, indomethacin ([Table 2](#t0010){ref-type="table"}), a non-selective cyclooxygenase (COX) inhibitor, has gained attention due to its potent *in vitro* antiviral profile on human SARS-CoV-1, canine CCoV, and more recently on human SARS-CoV-2 at a low concentration range [@b0440], [@b0445]. The antiviral activity of indomethacin was shown to be associated with blocking viral replication [@b0450]. However, another interesting pharmacological effect of indomethacin that could contribute to COVID-19 patient recovery is its capacity to modulate cytokine production [@b0455], [@b0460], particularly the robust effect this drug has on reducing the release of proinflammatory IL-6 [@b0465]. The ability of indomethacin to attenuate inflammatory processes in combination with its antiviral properties make it a good candidate in the fight against the coronavirus. However, as yet, no clinical study has been undertaken to assess the efficacy of indomethacin as a treatment for COVID-19.

Another family of anti-inflammatory drugs that has been proposed as a treatment for COVID-19 are the corticosteroids ([Table 2](#t0010){ref-type="table"}). Systemic corticosteroids have broad-spectrum actions on the immune system that may mitigate the fulminant systemic inflammatory response that occurs in ARDS, by reducing the "cytokine storm". However, these use of these drugs in the treatment of severe ARDS and COVID-19 patients is controversial and some studies recommend that their use should be restricted [@b0105], [@b0470]. According to the observational study of Zha et al. (2020) [@b0475], the administration of corticosteroids did not produce any favorable effect in COVID-19 patients, and the study by Lu et al. (2020) reported that the use of high doses of corticosteroids was significantly related with elevated mortality risk [@b0470]. Currently, the use of systemic corticosteroid in COVID-19 is limited to patients with potential lethal complications associated with the "cytokine storm", and to those patients with elevated serum levels of D-Dimer [@b0480].

Several authors have proposed the use of thalidomide in the treatment of COVID-19 [@b0485]. This drug has an immunomodulatory and anti-inflammatory profile that could help to mitigate the excessive inflammatory mediators release in COVID-19 patients [@b0490], [@b0495]. Thalidomide can block neutrophil chemotaxis at the site of inflammation, inhibit generation of reactive oxygen species (ROS), and modulate the inflammatory process [@b0500]. In addition, it can reduce the production of inflammatory and fibrogenic cytokines in lung tissues [@b0505] However, thalidomide has undesirable side effects, including thrombocytopenia and anemia that indicate it should only be used for short term treatment in patients with the "cytokine storm" [@b0485].

It has been suggested that anti-inflammatory drugs could be used as adjuvant drugs to mitigate the severity of COVID-19 due to their capacity to attenuate the release of inflammatory mediators such as IL-6, TNF-α and IL-1β [@b0460] ([Fig. 2](#f0010){ref-type="fig"}). The use of anti-inflammatory drugs in association with other drugs could reduce the debilitating respiratory condition which has been one of the most dramatic and distressing symptoms presented by patients. However, the use of these drugs in COVID-19 should be restricted to certain conditions because of the possible severe side effects.

2.4. Angiotensin-converting-enzyme inhibitors (ACEi) and angiotensin II receptor blockers (ARBs) {#s0030}
------------------------------------------------------------------------------------------------

ACE2 and angiotensin II type 1 receptors (AT1-R) play a crucial role in COVID-19 development, and thus targeting them using novel therapeutic strategies may prevent or reduce virus-induced pulmonary, cardiac, and renal injury. Molecular analysis suggests that SARS-CoV-2 use the ACE2 receptor to enter the cell [@b0510], and the overexpression of ACE2 is related to an increase in pro-inflammatory cytokines, and the enhanced pulmonary disease severity caused by coronavirus [@b0045], [@b0050], [@b0055]. In this regard, ACE inhibitor and angiotensin receptor blockers may be a promising therapeutic agent in SARS-CoV-2 infection. The predominant mechanism for the management of COVID-19 used by ACEi and ARBs is a reduction in the interaction between viral protein and ACE2, affecting the internalization of the virus [@b0515]. However, current evidence shows that these molecules could block hypercytokinemia [@b0520] ([Fig. 3](#f0015){ref-type="fig"} ), and thereby act to prevent the progression of the disease.Fig. 3Predominant mechanism of ACEi, ARBs, antineoplastic and anti-parasitic drugs involved in the management of COVID-19. Black points represent the pool of cytokines. ACEi and ARB are marked in orange; Antineoplastic drugs are marked in red; Antineoplastic drugs are marked in red; anti-parasitic drugs are marked in blue.

Interestingly, Monteil et al. (2020) [@b0525] reported that human recombinant soluble ACE2 (hrsACE2), which has already been tested in clinical trials for the treatment of pulmonary hypertension and acute lung injury, may suppress the early stages of SARS-CoV-2 infection *in vitro* [@b0525], showing that drugs that act on the ACE2 pathway could mitigate the effects of COVID-19. Additionally, Meng et al. (2020) [@b0035] showed that ACEI/ARB therapy improved the clinical outcomes of COVID-19 patients with hypertension, causing a decrease in the viral load by indirectly inhibiting viral replication. The authors hypothesized that ACEI/ARB therapy has an indirect antiviral function by regulating the immune system and blocking inflammatory responses. The ACEi enalapril increased IL-10 and IL-2 levels [@b0520], and downregulated TNF-α, IL-12, IL-6, IL-1β and IL-8 production [@b0530], [@b0535], whereas telmisartan, an AT1R antagonist, decreased TNF-α, IL-6, IL-8 and IL-1β levels [@b0540], [@b0545], confirming the anti-inflammatory profile of ACEI/ARB drugs.

The angiotensin II receptor antagonist losartan, a safe drug with low side effects, is also postulated to exert a protective action against COVID-19 infection [@b0550]. In fact, losartan has been shown to be able to enhance ACE2 expression *in vivo* [@b0555], preventing the superinfections associated with coronaviruses [@b0550]. In addition, losartan also mitigates COVID-19 symptoms by inhibiting TNF-α, IL-6 and IL-1β production [@b0530], and reducing NFκB and p38MAPK activation [@b0560], [@b0565], thereby attenuating the inflammatory process. This ARB could, therefore, reduce the excessively high levels of PICs that have a harmful role in the outcomes of COVID-19 patients. However, as yet, no clinical study has been undertaken to prove the efficacy of losartan in COVID-19.

[Table 3](#t0015){ref-type="table"} includes a summary of the main angiotensin-converting-enzyme inhibitors and angiotensin II receptor blockers drugs that have been suggested for use in COVID-19 treatment. ACEi and ARBs therapy could reduce the virus infection and the fulminant inflammatory process caused by the coronavirus, accelerating the recovery of COVID-19 patients, and contributing to the reduction of severe cases. However, the data in the literature about these drugs are controversial, some authors suggest that ARBs increased risk of severity COVID-19 and hospitalization [@b0025], however others authors did not observe risk of worst prognostic and hospitalization [@b0570], [@b0575]. Thus, more studies are required to prove the effectiveness of therapies based on ACEi and ARBs.

2.5. Antineoplastic drugs {#s0035}
-------------------------

Some drugs being considered for use in COVID-19 therapy have been regularly used in leukemias as antineoplastic agents. Indeed, virus-infected cells are pushed to increase the synthesis of nucleic acids, proteins, and lipids, and activate the energetic machinery to complete the replication and stimulated an inflammatory process. The same features are seen in cancer cells, making antineoplastic drugs interesting molecules to test in COVID-19. Among the antineoplastic drugs with immunomodulatory effects, the Janus kinase (JAK) inhibitors and Bruton's tyrosine kinase (BTK) inhibitors have shown promise in patients with COVID-19 [@b0580] ([Fig. 3](#f0015){ref-type="fig"}).

The Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling pathway in AT1-R, and cytokine receptors are targets for inflammatory mediators that lead to tissue damage in hyperinflammation. Thus, the inhibition of this pathway could suppress the progress of an inflammatory disease, such as COVID-19 [@b0580]. Given the ability of JAKi to block the production of several cytokines, it would be expected that patients with severe COVID-19 and elevated levels of inflammatory cytokines could benefit from treatment with this class of drugs [@b0585]. [Table 4](#t0020){ref-type="table"} included a description of the JAK and BTK inhibitor drugs that have been already suggested as useful tools for the treatment of SARS-CoV-2 infections.

Ruxolitinib, a Janus-associated kinase (JAK1/2) inhibitor ([Fig. 3](#f0015){ref-type="fig"}) approved for the treatment of myeloproliferative neoplasms [@b0590], might be effective against the consequences of the hyperinflammation that occurs in COVID-19 patients. A prospective, multicenter, single-blind, randomized controlled phase II trial involving patients with severe COVID-19 showed that the patients that receive ruxolitinib plus standard of care treatment have a significant improvement in chest condition and a faster recovery from lymphopenia, although no statistical difference was observed in accelerated clinical improvement. The authors of the study suggested that the modulation of cytokine production could be associated with the favorable effects of ruxolitinib on COVID-19 [@b0595]. This is agreement with other studies that show that ruxolitinib inhibits the expression of inflammatory genes by altering the signaling pathway and transcription activators linked to cytokine receptors, such as NFκB, leading to a reduction in cytokine production [@b0600]. The use of the Janus kinase (JAK) inhibitor may be effective in the treatment of COVID-19 patients in whom hyperinflammation has caused a "cytokine storm" and ARDS. However, the expected immunomodulating effect of ruxolitinib must be controlled, as the drug may enhance the risk of opportunistic infections and, in individuals with previous inflammatory conditions, can exacerbate the incidence of thrombocytopenia and anemia [@b0605].

Tyrosine kinase inhibitors, such as Bruton's tyrosine kinase (BTK) inhibitor, are also being studied for their capacity to interfere with the inflammatory state associated with SARS-CoV-2 infection in severe COVID-19 illness. Preclinical research and case studies have suggested that the BTK inhibitor ibrutinib can provide protection against severe lung injury [@b0610], probably due to its ability to reduce the levels of inflammatory mediators [@b0615]. Treon et al. (2020) and Einhaus et al. (2020) [@b0610], [@b0615] reported that ibrutinib was able to modulate TNF-α, IL-6, IL-8 and IL-10 cytokine levels, and could provide protection against severe lung injury, helping in the recovery of COVID-19 patients.

At this stage, it must be emphasized that current evidence suggests the use of JAK inhibitors and the BTK inhibitor in the treatment of COVID-19. These drugs could block the generation of the "cytokine storm" and, consequently, suppress the fulminant response of the immune system, and multiple organ failure. However, there is concern that JAK inhibitors can suppress the production of several inflammatory cytokines, including TNF-α, IL-6, IL-8, IL-10 ([Table 1](#t0005){ref-type="table"}) [@b0600], [@b0610], and IFN-α, which play an important role in curbing viral activity [@b0620]

2.6. Antiparasitic drugs {#s0040}
------------------------

Ivermectin is an FDA-approved broad spectrum anti-parasitic agent [@b0625] that has been shown to possess anti-viral activity against several viruses *in vitro* or *in vivo*, including SARS-CoV-2 [@b0630], [@b0635], [@b0640], probably by blocking the nuclear trafficking of viral proteins [@b0645]. Caly et al. (2020) [@b0630] reported that ivermectin controlled SARS-CoV-2 replication for up to 48 h in a Vero-h/SLAM cell culture model, showing its potential to reduce SARS-CoV-2 infection. Additionally, ivermectin was also found to have an immunomodulatory profile that changed the function of T-lymphocytes and altered the lymphocyte count [@b0650]. Moreover, this drug was able to decrease the inflammatory process by reducing the production of several cytokines, such as TNF-α, IL-1ss, IL-6, IL-4, IL-13 and IL5 [@b0655], [@b0660]. Thus, ivermectin can inhibit a variety of the inflammatory cytokines which play an important role in the development of the "cytokines storm", reducing the complications of COVID-19. The evidence in the literature therefore suggests that ivermectin could be useful in the treatment of COVID-19 [@b0665].

Hydroxychloroquine (HCQ) and chloroquine (CQ) are already undergoing clinical trials to assess their use as preventive therapies for COVID-19, with, as yet, contradictory results [@b0670]. Some pre-clinical findings suggest that HCQ/CQ are effective in SARS-CoV-2 infection, with promising preliminary results. HCQ and CQ have been shown to suppress SARS-CoV-2 infection *in vitro*, with HCQ being more potent than CQ [@b0675]. HCQ has shown an antiviral profile due to its ability to reduce the binding efficiency between ACE2 in host cells and the SARS-CoV-2 spike protein. HCQ has also be reported to be able to inhibit virus fusion with the host cell through the suppression of protease activity in cleaving the coronavirus surface spike proteins [@b0680]. In addition, HCQ also could be effective against SARS-CoV-2 infection by suppressing the "cytokine storm" and consequently reducing disease progression and ARDS development. Other studies have suggested that CQ/HCQ decrease the release of various pro-inflammatory factors such as Il-1, IL-6, IL-18, and TNF-α produced by T cells and B cells, and enhance production of the anti-inflammatory cytokines IL-10 and IL-4 [@b0685], [@b0690]. In addition, the alteration of endosomal pH caused by HCQ/CQ can change signaling in Toll-like receptor (TLR), such as TLR7 and TLR9, inhibiting the activation and production of cytokines [@b0695]. Several clinical studies have described the role of HCQ/CQ treatment, alone or in association with other drugs, in COVID-19 patients, but with weak and inconsistent results [@b0670]. Thus, the effectiveness of these drugs in COVID-19 is not established, with the FDA revoking authorization for the emergency use of hydroxychloroquine and chloroquine to treat COVID-19 in certain hospitalized patients cautions due to the risk of heart rhythm problems. This decision was based on recent results from a large, randomized clinical trial in hospitalized patients [@b0700]. Additional studies are necessary to evaluate the efficacy of these drugs in COVID-19 patients.

[Table 4](#t0020){ref-type="table"} and [Fig. 3](#f0015){ref-type="fig"} summarize the main anti-parasitic drugs suggested for use in COVID-19 treatment, mainly based on the anti-inflammatory profiles of these drugs. Some evidence suggests that HCQ, CQ, ivermectin and nitazoxanide downregulate pro-inflammatory cytokine levels, attenuating the exacerbated inflammatory process observed in several diseases [@b0655]. These features of anti-parasitic drugs could play a favorable role in the recovery of COVID-19 patients. However, the data from the literature on the use of these drugs is inconclusive and further studies are required to evaluate their efficacy.

3. Conclusion {#s0045}
=============

Therefore, a rational strategy for the treatment of COVID-19 is the repurposing of a number of different types of drugs, including antiviral, anti-rheumatic, anti-inflammatory, antineoplastic, and antiparasitic medications. Interestingly, several drugs proposed for the treatment of COVID-19 have an anti-inflammatory profile, summarized in [Table 1](#t0005){ref-type="table"}, and most are able to reduce IL-6 and TNF-α levels, two cytokines that are important targets for drugs that manage the symptoms of COVID-19. The reduction in PICs is also considered a relevant strategy to improve the clinical conditions of patients with COVID-19, preventing the worsening of the disease.

Faced with the COVID-19 crisis, it is a rational strategy to consider drug repurposing, as has happened with HCQ, an antimalarial drug previously used in the treatment of systemic lupus erythematosus and rheumatoid arthritis, and is now being considered for use as a therapeutic tool for severe cases of COVID-19. As our review shows, other drugs are also being examined, such as ivermectin, an antiparasitic agent commonly used in both humans and animals, which has demonstrated an antiviral profile against a broad range of viruses. It has also been shown to be a potent *in vitro* inhibitor of SARS-CoV-2 replication [@b0630]. Additionally, the antiviral drug remdesivir, as well as lopinavir-ritonavir, commonly used in the treatment of HIV positive patients, have shown beneficial effects in COVID-19 patients, improving the symptoms or this disease [@b0705]. All these drugs could act directly in virus replication and help to decrease viral load.

Undoubtedly, drugs that directly target SARS-CoV-2 would be effective treatments for COVID-19, however, the reduction of pro-inflammatory cytokines (PICs) could also be crucial for halting the progression of the disease, thereby reducing the number of severe cases and hospitalizations. This hypothesis should not be ignored, because an increase in PICs is associated with a worsened respiratory condition, and with hyperinflammation, widely known as a "cytokine storm," which can occur when the immune system triggers a runaway response that induces more harm to its own cells than to the virus it is fighting. A strategy that promotes the innate immune system and decreases Th1/Th2 inflammation could help to prevent severe cases of COVID-19 and aid recovery from the disease.

There are several ongoing trials trying to find effective treatments for COVID-19 based on the suppression of the hyperinflammation caused by SARS-CoV-2 infection, which can lead to multiple organ failure and even death in severe cases. These experimental therapies are investigating drugs approved for other inflammatory diseases and include anti-rheumatic and anti-inflammatory agents. As mentioned above, drugs such as tocilizumab and anakinra, which are commonly used to treat arthritis and decrease the inflammatory process, have been applied as a pharmacological tool in COVID-19 patients [@b0335], [@b0375], and have shown promising effects in reducing the complications of COVID-19 and the associated ARDS, due to their capacity to control the inflammatory process. Moreover, some drugs used in COVID-19 patients, such as remdesevir and favipiravir, with proven antiviral activity, act directly on virus replication, and also possess an anti-inflammatory profile, reducing the hyperinflammation caused by the virus. These class of drug have shown favorable effect against SARS-CoV-2, increasing clearance of the virus, and/or reducing cytokine release.

Therefore, repurposed drugs that can attenuate the hyperinflammation induced by SARS-CoV-2 ought to be carefully considered as treatments to combat SARS-CoV-2, due to their capacity to reduce the severity of the disease and improve the prognosis in COVID-19. The reduction of PICs, mainly IL-6, is an important strategy to improve the clinical conditions of patients with COVID-19. Thus, despite their current unproven clinical efficacy, the repurposing of drugs, particularly those with anti-inflammatory activities, has become a significant area of interest in research aimed at finding effective treatments for COVID-19. We sincerely hope that documented drug therapies specifically targeting SARS-CoV-2, or an effective vaccine can be developed to prevent and cure COVID-19 patients as soon as possible.
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[^1]: IL: Interleukin; IFNs: Interferons; MERS-CoV: Middle East Respiratory Syndrome Coronavirus; SARS-CoV-2: Severe Acute Respiratory Syndrome coronavirus 2, Tizoxanide: metabolite of nitazoxanide.

[^2]: AAK1: AP2-associated protein kinase; 1IL: Interleukin; IFNs: Interferons; IL6R: IL-6 receptor; SARS-CoV-2: Severe Acute Respiratory Syndrome coronavirus 2.

[^3]: ACE2: Angiotensin-converting enzyme 2; ACEIs: Angiotensin-converting enzyme inhibitors; ARBs: Angiotensin II type 1 receptor blockers; IL: Interleukin; IFNs: Interferons.

[^4]: BTK: Bruton's tyrosine kinase; IL: Interleukin; IFNs: Interferons; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; SARS-CoV-2: Severe Acute Respiratory Syndrome coronavirus 2, Tizoxanide: metabolite of nitazoxanide.
